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First-principles simulations are conducted to predict that ferroelectric nitride perovskite LaWN3 not only
exhibits large spin splittings (2.7 eV Å) but also possesses unique spin textures for some of its conduction
levels. Such spin splittings around the � and L points cannot be interpreted as a typical mixture of Rashba or
Dresselhaus configurations but rather require the development of four-band k • p models with high-order terms.
We further identify that, for some bands, spin splittings can be greatly contributed by the pure orbital degree of
freedom (PODF), a unique character of our four-band Hamiltonian compared to the traditional two-band version.
The concept of PODF-enhanced spin splittings paves a way for designing materials with large spin splittings.
Moreover, the energy levels possessing such large splittings and complex spin textures can be brought close to
the conduction-band minimum by applying epitaxial strain.

DOI: 10.1103/PhysRevB.102.041203

I. INTRODUCTION

Spin splitting in ferroelectric materials is attracting a great
deal of attention because it offers the possibility of novel
spintronic devices based on electric control of spin textures
[1–15]. Recently, various ferroelectrics presenting large spin
splittings have been proposed theoretically or synthesized,
including GeTe [6], SnTe [7], hyperferroelectrics [10,12],
halides [8], and iodide perovskites [11], and the recently dis-
covered Bi2WO3 [3], BiInO3 [5], and HfO2 [9]. Among them,
SnTe [7] and GeTe [6] have the two largest spin-splitting pa-
rameters (6.8 and 4.8 eV·Å). Moreover, most of the observed
spin textures, including those for HfO2 [9] and BiInO3 [5],
are of linear Dresselhaus (spin-splitting parameter denoted
by λD) or linear Rashba (spin-splitting parameter referred to
as λR) type, or even a mixture of them by varying the ratio
between λD and λR. For instance, the persistent spin textures,
whose spin configurations do not depend on momentum, have
been predicted to occur in BiInO3 [5], CsBiNb2O7 [13], and
other materials [5] (in these cases, λD and λR are almost
equal in magnitude). On one hand, the spin splittings and
textures for most of these systems were well described by a
two-band effective Hamiltonian involving only spin degree
of freedom (SDF) (i.e., spin up |↑〉 and spin down |↓〉).
However, one should also realize that the pure orbital degree
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of freedom (PODF)–for example, the double-degenerate (|x〉,
|y〉) states in C3v point group–may contribute to spin splittings.
More explicitly, in a nonmagnetic system without spin-orbital
coupling (SOC), all symmetry-protected degenerate levels are
referred to as PODF. Note that incorporating both SDF and
PODF will result in higher “dimensional” Hamiltonian (e.g.,
with the basis of |x ↑〉, |y ↑〉, |x ↓〉, |y ↓〉) compared to cases
with SDF only (e.g., with the basis of |↑〉 and |↓〉), possibly
leading to undiscovered complex and important features such
as PODF-contributed spin splittings and novel spin textures
(i.e., beyond the linear superposition of Dresselhaus- and
Rashba types, and beyond two-band models). If this is the
case, the PODF-reinforced large spin splittings and possible
interesting spin textures may greatly enhance the opportunity
to design new materials with large spin splittings. Such a
corresponding concept regarding the contribution of PODF to
spin splittings, which has been implied in literature [5,9] but
not extensively noticed, is also of fundamental interest.

To this end, we decided to investigate a compound, namely
nitride LaWN3 perovskite that has been recently predicted
to be a ferroelectric semiconductor with R3c space group
[16–18] and polarization of ∼61 μC/cm2 along the pseudocu-
bic 〈111〉 direction [18]. One reason to tackle this system is
that it contains the 5d element W whose SOC is expected to
be strong, probably leading to large spin splittings at some
conduction bands. Other reasons are (i) at the � point, there
are twofold degenerate PODF represented by (|x〉, |y〉) states;
and (ii) the existence of nonprimitive lattice translations of
R3c space group may enforce extra “orbital” degeneracy
(e.g., additional sublattice degrees of freedom [5,9], serving
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as PODF) at some high-symmetry k points–a well-known
character of nonsymmorphic space group [19,20]. Items (i)
and (ii) allow us to investigate if PODF can induce large spin
splittings and novel spin textures. Last but not least, ternary
nitride compounds have started to receive theoretical [16]
and experimental [21] attention; a recent study by Zakutayev
and coworkers suggests the possibility of growing perovskite
R3c LaWN3-based materials starting from LaWN3-δOδ and
reducing δ [22] and perovskite LaWN3 was soon synthesized
and identified with R3c symmetry [23]. In the present work,
we demonstrate that LaWN3 has not only PODF-contributed
spin splittings at the � and L points but also unusual spin
textures. In addition, large spin splittings are predicted for
some of these conduction levels, with these latter levels being
even controllable by epitaxial strain.

II. METHODS

Our methods are described in the Supplemental Material
(SM) [24] (see the Supplemental Material references [25–37]
as well). We carried out density-functional theory (DFT)
simulations using VASP code [38,39], and conducted symme-
try analysis using Ref. [40], Bilbao crystallographic server
[41,42], and SEEK-PATH software [43]. Unless mentioned, our
results are based on the PBEsol (Perdew-Burke-Ernzerhof
revised for solids) functional [44]. Since LaWN3 is nonmag-
netic, we have not artificially initialized spin configurations;
the final spin configurations are determined by VASP after fully
converging the electronic self-consistent loop. The basic spirit
to compute the spin textures (from eigenvectors) is given in
Sec. I.2.4 of SM [24].

III. RESULTS AND DISCUSSION

Band structures, as well as density of states, are sum-
marized in Fig. S4 and discussed in Sec. III.1 of SM [24].
Band splittings along the �-L line via PODF are shown in
Fig. 1(a) (i.e., without SOC); meanwhile, the band splittings
incorporating both PODF and SDF (termed as spin splittings)
are displayed in Fig. 1(b) (i.e., with SOC). Using the simple
expression E = E0 ± λS�k + b(�k)2 we fit the energy levels
around the L (L-� line), � (�-L line), and F (F -S2 line)
points and obtain the following spin-splitting parameters for
R3c LaWN3 bulk: ∼2.7 and ∼1.6 eV Å for bands around L
[A and B in Fig. 1(b)], ∼0.13 and ∼0.08 eV Å for bands
around � [C and D in Fig. 1(b)]. Around the F point, the spin
splitting is ∼0.8 eV Å (e.g., along the F-S2 line). Strikingly,
the spin splitting around the L point [∼2.7 eV Å, see A in
Fig. 1(b)] exceeds most of those reported in the literature (e.g.,
1.2–2.2 eV Å for BiTeCl [45,46], ∼2 eV Å for BiTeBr [46],
∼0.6 eV Å for HfO2 [9], ∼2.6 eV Å for NaZnSb [12], and
1.9 eV·Å for BiInO3 [5]), even if it is lower than some of
the highest values (3.9–4.3 eV·Å for BiTeI [46,47], 4.8 eV Å
for GeTe [6], and 6.8 eV Å for SnTe [7]). The valence-band
maximum (VBM) and conduction-band minimum (CBM) are
in the vicinity of the F and � points, respectively, with
a band gap of ∼ 0.85 eV (with SOC). In Sec. III.1, our
calculations indicate that the band gap at PBEsol [44] level
is underestimated by ∼1/2 than that at HSEsol (improved
hybrid functional for solids) [48] level.

FIG. 1. Conduction bands of LaWN3 along the L-� line for cases
without SOC (a) and with SOC (b). In (b), we use “A,” “B,” “C,” and
“D” to mark the spin splittings around the L and � points. (c), (e)
Conduction-band structures (energy versus kx , with SOC) around the
� and L points, as obtained by DFT (black lines) and full models
(orange dots) described in the text. Note that the kx direction is
not along the L-� line (See Fig. S3 and Sec. I.1 of SM [24]). The
parametrization of the models for � and L points is indicated in
Sec. III.2 of SM [24]. (d), (f) Conduction-band structures around the
� and L points obtained from DFT (black lines) and modified models
(orange dots). By modified models, we mean that η, ξ in Eq. (1), as
well as ω, ν, η, U , V in Eq. (2) are all set to zero, while the remaining
model parameters remain identical to those used in the full models.

As also indicated in the SM [24] (see Sec. III.3), the spin
textures of the aforementioned conduction levels at the F
point are rather trivial. Indeed, such spin textures are well
captured by a two-band model with linear-in-k spin-splitting
terms and thus are similar to those of the various ferroelectric
Rashba/Dresselhaus systems mentioned in our Introduction.
We thus concentrated on the conduction levels for the � and
L points, which have rather unusual spin textures [Figs. 2(a)–
2(h)]. They indeed appear to deviate from simple solutions
typically obtained by two-band k • p model, such as those
associated with Rashba and/or Dresselhaus types. We are not
aware that such complex spin textures have been previously
reported. Such complexity for the spin textures around the �

and L points may be due to the fact that SDF and PODF are
“coupled together.” To check such a possibility, we decided
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FIG. 2. Spin textures of the lowest four conduction levels for R3c LaWN3 bulk around the � [(a)–(d)] and L [(e)–(h)] points obtained by
DFT. (i)–(p) Counterparts of (a)–(h) obtained by four-band models [e.g., Eq. (1) for (i)–(l) and Eq. (2) for (m)–(p)]. The arrows and color bars
denote the in-plane and out-of-plane components of spin textures with respect to the (kx, ky ) plane. The units of kx (horizontal axis) and ky

(vertical axis) are Å−1. Our spin textures are prepared using the following convention [(a)–(d) as examples]: given that at each (kx, ky ) point,
the corresponding energy eigenvalues associated with panels (a), (b), (c), and (d) are e1k , e2k , e3k , e4k , respectively; then e1k � e2k � e3k � e4k

holds.

to construct high-order four-band k • p models for the �

and L points. The details about constructing such models are
discussed in Sec. I.2 of the SM [24]. In particular, this k • p
model around the � point provides a Hamiltonian of the form
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(
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where both γi and σ j (i, j = x, y, z) are Pauli matrices denot-
ing orbital and spin degrees of freedom, respectively. γiσ j is
interpreted as the Kronecker product of γi and σ j (γi ⊗ σ j);

γi and σi denote γi ⊗ σ1 and γ1 ⊗ σi (γ1 and σ1 being 2 × 2
identity matrix). Note that η, ξ terms in Eq. (1) are related
to PODF (contributed only by orbital degree of freedom).
Similarly, one can construct the following four-band model
for the L point:
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(
k2

x +
√

3kxky
) + β

(
k2

y −
√

3kxky
)

+ R
(
k2

x +
√

3kxky
)2 + S

(
k2

y −
√

3kxky
)2

+ T
(
k2

x +
√

3kxky
)(

k2
y −

√
3kxky

)

+ (
√

3kx + ky)(kx −
√

3ky)(ωγx + υγy)

+ η(
√

3kx + ky)γz + [
U

(
k2

x +
√

3kxky
)

+V
(
k2

y −
√

3kxky
)]

(
√

3kx + ky)γz

+ (
√

3kx + ky)(Fγx + Gγy)σz
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Note also that the ω, ν, η, U , V terms in Eq. (2) denote
the contribution from PODF. We then fit these models to
DFT results and compute the model-based band structures and
spin textures. The comparisons between DFT and models for
the band structures and spin textures are shown in Fig. 1(c),
Fig. 1(e), and in Figs. 2(a)–2(p). Our models based on Eqs. (1)
and (2) can reproduce well the DFT results for the band
structures (we only show in Figs. 1(c) and 1(e) the band
structures along the kx direction; the detailed fittings are
shown in Fig. S5 of the SM [24]) and spin textures around
the � and L points. Without SOC [Fig. 1(a)], the conduction
levels at the � point (purple circle) are twofold degenerate,
as similar to the levels at the L point (green rectangle); along
the L-� line, splittings occur due to PODF instead of SDF
(because we are at a spinless case). When being away from the
� and L points, such PODF-contributed splittings are implied
by the η, ξ terms in Eq. (1) and by the ω, ν, η, U , V terms in
Eq. (2), respectively. However, one cannot obtain eigenvalues
of Eqs. (1) and (2) simply in analytic forms, preventing the
direct examination of PODF’s effect on spin splittings. Alter-
natively, we decided to check it numerically: starting from the
well-parametrized models, let us switch off the η, ξ terms in
Eq. (1) and ω, ν, η, U , V terms in Eq. (2), and maintain the
remaining parameters unchanged when computing the band
structures along kx [see Figs. 1(d) and 1(f)]. Without including
the PODF-related terms, the spin splittings around both the
� and L points are significantly changed as compared to
Figs. 1(c) and 1(d), respectively, which thus emphasizes the
important role of PODF on spin splittings.

It is also interesting and important to know that we
numerically find that these spin textures, unlike the band
structure, cannot be correctly reproduced by the model if the
high-order-in-k terms (i.e., the terms involving ς , λ, ξ for the
� point and the ω, ν, U, V, A, B, �, O, and H terms for L) are
excluded from Eqs. (1) and (2)—as evidenced in Figs. S8 and
S9 and in Sec. III.4 of the SM [24]. Without these high-order
terms, the discrepancy between the model and DFT for the
out-of-plane components is too large to be considered as
numerical errors. Our models of Eqs. (1) and (2) for the �

and L points contain some terms that have been previously
proposed [4,5,9,13,14,49,50]. Recently, we also became
aware of work about Rashba-Dresselhaus spin splittings in
LaWN3 [51]. The authors discussed the spin splittings for
R3c LaWN3 around the � point as well but focused on the

FIG. 3. (a) Energy of the conduction bands at the �, L, and F
points with respect to E�0 (the highest occupied valence-band level at
the � point, which is not the VBM). The superscripts 1 and 2 denote
the lower and higher conduction levels around the �, L, and F points.
(b) The spin-splitting parameters of the corresponding conduction
bands around the �, L, and F points.

VBM which does not contain PODF and is captured well
by a two-band model containing SDF only. Our discovered
spin splittings and textures for conduction bands around
the � and L points of R3c LaWN3 are quite unique since
four-band models with significant squared- and/or cubic-in-k
terms are needed to reproduce spin splittings and textures,
and since PODF reinforces spin splittings. Such uniqueness
has rarely been mentioned in the literature for ferroelectric
semiconductors. We also found that our DFT-determined spin
textures at the �, L, and F points are reversible by switching
the polarization (see Sec. III.5 of the SM [24]), which is
fully consistent with Ref. [8] demonstrating the universality
of such reversibility based on symmetry arguments. We also
determined the band structures, spin splittings, and textures
by other functionals (e.g., PBE [52], PBE + U [53], and
SCAN [54]); the results from various functionals coincide
with each other (e.g., the maximum variation is ∼10% for
L-point’s λS) (see Sec. III.6 of SM [24]).

One can also realize that the lowest conduction level at the
L point (which has the highest spin splitting) is not the CBM
of R3c LaWN3 bulk. Such CBM is located in the vicinity of
the � point at ∼0.85 eV above the valence-band maximum,
and is lower by ∼0.66 eV from the lowest conduction level
at the L point. However, it is known that strain can tune
band-energy levels in semiconductors [55]. We thus decided
to explore the effect of misfit strain (ε) within (111) plane
on spin splittings and energy levels for the �, L, and F
points of R3c LaWN3 (such strain can practically arise by
growing LaWN3 films on top of cubic (111) or hexagonal
(0001) substrates [56]). Figure 3 reports information about
the band structures and spin splittings for R3c LaWN3 film
under epitaxial tensile strain ε; note that R3c phase is stable
for ε < 3% (see Fig. S15 in the SM [24]). The L1 and L2 levels
become closer in energy to the conduction levels indexed
by the � point as the ε strengthens, and the spin-splitting
parameters are rather insensitive to ε (we also found that
the polarization of R3c phase is insensitive to ε: between 0
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and 3% strain, the polarization is 61.5 ± 1.5 μC/cm2, as pre-
dicted by Berry-phase method [57]. The barrier to switch the
polarization (through R-3c phase) is ∼110 meV/f.u., lower
than ∼130 meV/f.u. of R3c LiNbO3 [58]). Such features are
promising to take advantage of the large spin splittings at the
L point, by making the lowest unoccupied levels of the L point
closer to the CBM of the system. One can also grow LaWN3

on metals whose work function or electronic affinity allows
one to directly access states which are neither CBM or VBM
[59] (e.g., the L1 levels in Fig. 3). Furthermore, one can readily
incorporate strain into our models to interpret its effect on
band structures in a phenomenological way. Under epitaxial
tensile strain (εxx = εyy = ε), the coefficients of Eqs. (1) and
(2) should be renormalized. For instance, K (kxσy−kyσx ) of
Eq. (1) becomes K (kxσy−kyσx ) + K ′(εxx + εyy)(kxσy−kyσx ).
Also, in Eq. (1), E0 is renormalized to E0 + E ′(εxx + εyy), thus
explaining results regarding �1 and �2 in Fig. 3(a).

Let us now comment on possible applications of LaWN3’s
spin splittings and textures. First, note that cubic-in-k and
squared-in-k terms are pivotal for reproducing spin textures
around the � and/or L points, respectively. High-order spin
splittings definitely have potential applications such as cubic
Rashba-enhanced spin Hall transport of heavy holes [60].
Second, as shown in Figs. 2(e) and 2(f), the spin textures
for two lower bands around the L point are nearly momen-
tum (k) independent. Such quasipersistent spin textures [61]
(promising for nondephasing spin transport [61,62]), together
with large spin splitting, form another prospective aspect.
Third, the discovery of different types of spin textures may
promote exotic device applications as evidenced by, e.g.,
linear magnetoelectric effect driven by the “band splitting
with vanishing spin polarizations” phenomenon [63]. We are
also aware of interesting spin textures and mechanisms for
Rashba spin splittings in multiferroic BiCoO3 with canted
spins [64]. All of these aspects show the fundamental but also
technological significance of obtaining types of spin textures
and developing models to explain them.

IV. SUMMARY

We have shown that the ferroelectric R3c LaWN3 is a
promising material having a large spin splitting ∼2.7 eV Å.
We also identified the PODF-contributed spin splittings for
bands containing both spin and orbital degrees of freedom.
In particular, we emphasize the importance of the PODF—-a
unique feature of 2n-band (n � 2, e.g., four-band and six-
band) Hamiltonian—-to achieve the enhanced spin splittings;
this property should be sought and considered as a path to
screen materials with large spin splittings. Moreover, the spin
textures around the L and � points are too unusual to be
reproducible by a simple two-band k • p theory. Our four-
band k • p theories containing significant squared- and/or
cubic-in-k spin splitting terms are required to reproduce these
textures. Finally, the energy levels, especially those around the
L point, can be tuned by tensile strain without diminishing
their large spin splittings. These nonconventional spin tex-
tures, large splitting, and tunability of the energy levels around
the L point should make LaWN3 perovskite promising for
spintronics. We thus hope that our findings will be verified
by experiments.
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